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Texture and morphology of a Pd-AgrSiO hydrodechlorination low-density xerogel2
catalyst prepared by a cogelation sol-gel process were characterized in detail to examine
mass transfer in such catalysts. The catalyst consists of acti®e Pd-Ag nanocrystallites
trapped inside elementary 20 nm microporous silica particles arranged in larger aggre-
gates, which constitute the macroscopic pellet. To reach acti®e sites, reactants must first
diffuse through large pores located between aggregates of SiO particles and then through2
smaller pores located between those elementary particles inside the aggregates. Finally,
they diffuse through micropores located inside silica particles. Diffusion in such a ‘‘ fun-
nel’’ structure cannot be described assimilating the pellet to a pseudo-continuum. Diffu-
sion should be examined carefully at three le®els of decreasing size: the macroscopic
pellet, the aggregate of silica particles, and the elementary silica particle. This approach
shows that cogelled xerogel catalysts ha®e remarkable mass-transfer properties.

Introduction
In a heterogeneous catalytic process, the reactants must

diffuse from the bulk of the fluid phase to the surface of the
catalyst pellets, and then from that surface to the active sites
through the porous structure of the pellet. They react on the
active sites and the products formed must diffuse in the op-
posite direction. Therefore, such a process involves both

Ž . Ž .physical steps diffusion and chemical steps reaction . De-
pending on the relative rates of those various steps, the over-
all rate of the process is governed by the physical kinetics or

Žby the chemical kinetics Satterfield, 1970; Carberry, 1987;
.Villermaux, 1993; Emig and Dittmeyer, 1997 . In order to

study mass transfer inside a porous catalyst, the catalyst pel-
let is often regarded as a pseudo-continuum, that is, a
pseudo-homogeneous medium in which the diffusion of a
gaseous species is described by the same single effective dif-
fusion coefficient everywhere inside the pellet the size of

Žwhich corresponds to the length scale for diffusion Satter-
field, 1970; Carberry, 1987; Villermaux, 1993; Emig and
Dittmeyer, 1997; Froment and Bischoff, 1990; Kapteijn and

.Moulijn, 1997 . However, in some cases, it seems unreason-
able to assume that catalyst pellets are pseudo-homogeneous
media. In a study on the polymerization of olefins on hetero-
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Ž .geneous Ziegler catalysts, McKenna et al. 1999 conclude
that the pseudo-homogeneous pellet concept does not apply
to the whole pellet, but rather to small zones inside the pel-
let. According to this view, the pellet is composed of pseudo-
homogeneous zones corresponding to a diffusion length scale
which is significantly lower than its macroscopic size.

Ž .In a previous article Heinrichs et al., 1997a , low-density
Pd-AgrSiO xerogel catalysts were synthesized by a sol-gel2
procedure in which the preparation of the support and the
distribution of the active metals precursors in its porosity are
gathered in a single step. Those catalysts are composed of

Ž .active Pd-Ag nanocrystallites F3 nm trapped inside 10 to
20 nm microporous silica particles, which are arranged in
larger aggregates. They have been developed to convert se-
lectively chlorinated alkanes into alkenes, particularly 1,2-di-

Ž . Žchloroethane ClCH -CH Cl into ethylene Heinrichs et al.,2 2
.1997a; Heinrichs, 1999; Delhez et al., 2000 .

The very particular texture and morphology of those co-
gelled xerogel catalysts does not allow the use of the pseudo-
homogeneous concept for the whole pellet. The aim of this
article is to show, through a detailed textural and morpholog-
ical characterization and through adequate local diffusion
calculations, that the hierarchical structure of those catalysts
leads to remarkable mass-transfer properties avoiding diffu-
sional limitations.
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Experimental Methods
Catalyst preparation and characterization

The catalyst used in this study is a 1.9%Pd-3.7%AgrSiO2
xerogel prepared by a one-step sol-gel procedure and charac-
terized by nitrogen adsorption, mercury porosimetry, helium
pycnometry, electron microscopy, X-ray diffraction, induc-
tively coupled plasma atomic emission spectroscopy, and CO
chemisorption. Details about synthesis procedure and char-

Žacterization methods can be found elsewhere Heinrichs et
al., 1997a; Heinrichs, 1999; Delhez et al., 2000; Heinrichs et

.al., 2000 .

Reaction rate measurement
The 1,2-dichloroethane apparent consumption rate was

measured at 500, 573, and 623 K, which corresponds to the
Žtemperature domain of the industrial process Ito et al., 1994;

.Schoebrechts and Janssens, 1996; Delhez et al., 2000 , and at
2.96 atm in a differential tubular reactor with an internal di-
ameter of 8�10y3 m. The catalytic bed consists of crushed
and sieved catalyst pellets between 250�10y6 and 500�10y6

m. Details concerning the experimental device and the reac-
Ž .tion rate measurements are given in Heinrichs 1999 .

Mass-transfer experiments
Experimental tests for detection of possible external andror

internal diffusional limitations were performed at 573 K and
2.96 atm. For the external diffusion test, three experiments
with a catalyst pellet of mean size 375�10y6 m were per-
formed by simultaneously varying the amount of catalyst and
the total flow rate, while keeping the space time constant.

Figure 1. SEM micrograph of the Pd-Ag xerogel cata-
( )lyst original magnification, 16,000 .

For the internal diffusion test, three experiments were per-
formed with 0.0416�10y3 kg of catalyst pellets and a total
flow rate of 0.25 mmol sy1 by varying the mean size of the

Ž .pellets Table 1 .

Results
Texture and morphology of the catalyst

The internal morphology of the Pd-Ag catalyst pellets is
described in Figures 1�5. Figure 1 is a SEM micrograph which
gives us an idea of the 3-D morphology of the xerogel at the
scale of the micrometer. Figures 2 to 4 are TEM micrographs
at growing magnification obtained with slices of the material.
At the scale of Figures 1 and 2, the xerogel pellet contains
silica aggregates separated by large pores. An approximate
quantification based on those two pictures indicates that the
size of aggregates, as well as the width of pores between those
aggregates, range from several tens to several hundreds of
nanometers. The examination of the catalyst at a higher mag-

Ž .nification Figure 3 shows that the silica aggregates are com-
posed of highly interpenetrated elementary SiO particles.2
Due to the high interpenetration of those particles, the accu-
rate measurement of their size is particularly difficult. How-
ever, at the periphery of aggregates, that is, in the clear zones
of Figure 3, single particles are distinguishable and their size
can be evaluated. The size distribution of silica particles is
very narrow and measurements on 20 particles indicate that
their diameter is close to 20�10y9 m. Active metal crystal-

Žlites can be observed at the highest magnifications Figures 3
.and 4 . The composition, size, and localization of metal crys-

Žtallites have been examined in previous articles Heinrichs et

Figure 2. TEM micrograph of the Pd-Ag xerogel catalyst
( )original magnification, 40,000 .

Table 1. Mass Transfer Experiments

External Transfer Internal Transfer

Catalyst Mass Inlet Total Flow Rate ClCH -CH Cl Conv. Pellet Mean Size ClCH -CH Cl2 2 2 2
y3 y1 y6Ž . Ž . Ž . Ž . Ž .�10 �kg mmol� s mol % �10 �m Conv. mol %

0.0416 0.25 6.8 187.5 7.0
0.0833 0.5 6.5 375 6.8
0.1665 1 7.1 750 7.6
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Figure 3. TEM micrograph of the Pd-Ag xerogel catalyst
( )original magnification, 200,000 .

.al., 1997a, 2000 . According to those studies, the few large
black points observed in Figure 3 are pure silver crystallites
which are inactive for hydrodechlorination. Those crystal-
lites, whose size are around or exceed 10�10y9 m, are lo-
cated outside silica particles. The active metal crystallites are
the small black points whose size are around 3�10y9 m.
Those nanocrystallites are Pd-Ag alloy crystallites having a 54
at.% Pdy46 at.% Ag bulk composition and a 10 at.% Pdy90
at.% Ag surface composition. It has been shown that they are
located inside the elementary silica particles due to the role
of a nucleation agent played by the Pd precursor complexes

Žin the formation of those silica particles Heinrichs et al.,
.1997ab; Alie et al., 1999 .´

The texture examination by N adsorption, as well as Hg2
porosimetry, shows that the Pd-Ag xerogel exhibits a very
broad pore width distribution. The cumulated distribution

Figure 4. TEM micrograph of the Pd-Ag xerogel catalyst
( )original magnification, 800,000 .

over the complete pore width range accessible with those two
techniques is shown in Figure 5. This distribution was ob-
tained by applying a combination of various methods to their
respective validity domains and by adding the porous vol-

Žumes corresponding to those domains Heinrichs et al.,
.1997a .

Ž y9 .In the micropore domain width �2�10 m , the xerogel
exhibits a very narrow pore width distribution centered on a
mean value of about 0.8�10y9 m, which corresponds to the
steep volume increase followed by a plateau in Figure 5. In

Ž y9 .the range of meso- and macropores width �2�10 m , the
catalyst exhibits a broad distribution. According to previous

Ž . y9studies Heinrichs et al., 1997ab , the 0.8�10 m microp-
ores are located inside the 20�10y9 m elementary silica par-
ticles and the continuous meso- and macropore distribution
is located in voids between those SiO particles and between2
aggregates constituted of those particles.

Figure 5. Pore width distribution of the Pd-Ag xerogel catalyst.
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Table 2. Weisz Modulus Calculation at 3 Levels
and 3 Temperatures

500 K 573 K 623 K
y1 y1Ž .r mmol �kg � s 0.27 1.51 7.66

y3Ž .C mmol �m 3,395 2,953 2,653b
2 y1 y5 y5 y5Ž .D m � s 3.1�10 3.9�10 4.5�10m

y5 y4 y4Ž .� Pellet 2�10 1�10 7�101
y8 y7 y6Ž .� Aggregate 4�10 2�10 1�102
y10 y9 y8Ž .� Particle 7�10 4�10 2�103

It is particularly interesting to note that the total pore vol-
ume of this xerogel, which is equal to 6.25�10y3 m3 kgy1, is
in the same order of magnitude as the pore volume of aero-

Žgels described in literature Pajonk, 1991; Pajonk et al., 1997;
.Rao et al., 1997; Heinrichs et al., 1997ab; Rigacci et al., 1998 .

For this reason, the Pd-Ag xerogel is called ‘‘low-density xe-
rogel.’’ In order to avoid confusion, it is useful at this point to
make a brief comment about the word ‘‘density’’. According
to IUPAC recommendations for the characterization of

Ž .porous solids Rouquerol et al., 1994 , three densities can be
defined: the true density, the apparent density, and the bulk
density. The true density of an object is the density of that
object excluding pores; the apparent density of an object is
the density of that object including closed pores; and the bulk
density of an object is the density of that object including all

Ž .pores open and closed . In the ‘‘low-density xerogel’’ appel-
lation, the word density refers obviously to the bulk density
of the catalyst pellet. The catalyst apparent density was mea-
sured by He pycnometry and the obtained value was 2.22�103

kg my3. This value is very close to the true density of dried
3 y3 Žalkoxy-derived silica gels, that is, 2.2�10 kg �m Yamane,

.1988 , which means that there are no closed pores inside the
catalyst pellets.

Apparent reaction rate and mass-transfer experiments
Experimental values obtained for the apparent reaction

rate r are given in Table 2. Results of the experimental tests
for detection of possible external andror internal diffusional
limitations are presented in Table 1. The test for external
diffusion indicates that the ClCH -CH Cl conversion is inde-2 2
pendent of the total flow rate to within the experimental er-
ror, which means that no external diffusional limitations exist
Ž .Kapteijn and Moulijn, 1997; L’Homme, 1970 . The test for
internal diffusion indicates that the ClCH -CH Cl conver-2 2
sion is pellet size independent to within the experimental er-
ror, which usually means that no internal diffusional limita-

Ž .tions exist Kapteijn and Moulijn, 1997; L’Homme, 1970 .
However, in the particular case of cogelled xerogel catalysts,
the experimental test for internal diffusion presented in Table
1 draws conclusions only for diffusion in very large pores lo-
cated between silica aggregates in the catalyst pellet, that is,
for diffusion from the pellet surface to the aggregate surface.
This point is discussed in detail later.

Discussion
Results from the analysis of the catalyst texture and mor-

phology indicate that the Pd-Ag xerogel is composed of over-
lapping entities exhibiting different textures: silica particles

Figure 6. Texture and morphology of a low-density co-
gelled xerogel catalyst.

are basic blocks which constitute aggregates which them-
selves constitute the catalyst pellet. In order to reach the ac-
tive Pd-Ag alloy particles, reactants have to diffuse through a
continuous distribution of macro- and mesopores located in
voids between aggregates of elementary SiO particles and2
between those elementary particles and then through the 0.8
�10y9 m micropores located inside the elementary SiO2
particles. This situation is illustrated in Figure 6.

In diffusion calculations, the catalyst pellet is often re-
garded as a pseudo-homogeneous medium in which the diffu-
sion of a species is still described by Fick’s law, as in a homo-
geneous phase, but in which the ordinary fluid molecular dif-
fusivity D is replaced by a diffusion coefficient called them

Žeffective diffusivity D Satterfield, 1970; Villermaux, 1993;e
.Froment and Bischoff, 1990 . The pseudo-homogeneous pel-

let concept implies that D has the same value everywheree
inside the pellet and that the length scale for mass transfer
corresponds to the pellet size. The effective diffusivity D de-e
pends, among other things, on morphological properties of
the catalyst pellet such as the void fraction and the tortuosity
factor, which characterize the tortuous nature of the pores
and their constrictions. Moreover, when the Knudsen diffu-
sion becomes significant or even dominant with regard to or-

Ždinary gas molecular diffusion which occurs with pore widths
y9 Ž ..smaller than around 100�10 m Weisz, 1973 , the effec-

tive diffusivity D becomes a function of the pore widthe
ŽSatterfield, 1970; Villermaux, 1993; Froment and Bischoff,

.1990; Weisz, 1973 . Various models are presented in litera-
ture for the evaluation of D . In the simplest one, the effec-e
tive diffusivity is calculated from single mean morphological
properties characterizing the catalyst pellet: one void frac-
tion, one tortuosity factor, and one mean pore radius. This
model is adequate to describe diffusion in a catalyst having a

Žfairly narrow unimodal pore width distribution Froment and
.Bischoff, 1990 . When a catalyst exhibits a bimodal pore width

distribution, the random pore model of Wakao and Smith
Ž . Ž1962 can be successfully used Satterfield, 1970; Froment

.and Bischoff, 1990 . In this model, the effective diffusivity De
is calculated from two effective diffusivities which are calcu-
lated using one mean macropore radius and one mean micro-
pore radius.
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The detailed characterization of the texture and the mor-
phology of the Pd-Ag cogelled xerogel catalyst previously
presented, shows that it is unlikely that a pellet of that cata-
lyst should be treated as a pseudo-homogeneous medium in
which the diffusion of a species is characterized by a single
effective diffusivity D . It seems ridiculous to calculate an ef-e
fective diffusivity by using, for example, one or two, as in the

Ž . Ž .model of Wakao and Smith 1962 , mean pore width s in a
porous material which exhibits a distribution ranging from
micropores of 0.8�10y9 m to macropores of several hundred

Ž . Ž .nanometers Figure 5 Froment and Bischoff, 1990 . More-
over, it also seems unrealistic to use a single void fraction
and a single tortuosity factor to calculate a single effective
diffusivity D since these two morphological properties differe

Ž .from one scale silica particle, aggregate, or pellet to an-
other. In order to study mass transfer in such a medium, we
suggest it to be considered at three discrete levels with de-
creasing sizes: level 1: macroscopic pellet; level 2: aggregate
of silica particles; and level 3: elementary silica particle con-
taining an active Pd-Ag alloy crystallite. Each level is as-
sumed to correspond to a pseudo-homogeneous medium with
its own size, bulk density, void fraction, tortuosity, and single

Ž .pore width. At level 1 pellet , only diffusion of molecules
between the external surface of the xerogel pellet and the
external surface of the aggregates of silica particles, that is,
diffusion in large pores between aggregates, is considered; at

Ž .level 2 aggregate , the only diffusion of molecules between
the external surface of the aggregate and the external surface
of the silica particles, that is, diffusion in pores between SiO2

Ž .particles, is considered; at level 3 particle , only diffusion of
molecules between the external surface of the elementary sil-
ica particle and the active Pd-Ag alloy crystallite, that is, dif-
fusion inside microporous SiO particles, is considered.2

At the start of a kinetic study in heterogeneous catalysis,
when the intrinsic chemical kinetics is not known, the pres-
ence of possible pore diffusion limitations, which could falsify
the kinetic measures, is generally examined via the estima-

Žtion of the Weisz modulus � Satterfield, 1970; Carberry,
1987; Villermaux, 1993; Emig and Dittmeyer, 1997; Froment

.and Bischoff, 1990

r�L2

�s 1Ž .
D Ce s

This modulus compares the observed reaction rate to the dif-
fusion rate. If �� 1, there are no pore diffusion limitations
and the observed rate r is equal to the intrinsic rate of the
chemical reaction. If ��1, the observed reaction rate r does
not correspond to the intrinsic rate due to diffusional falsifi-
cations. As mentioned above, in classical diffusion calcula-
tions, the catalyst pellet is regarded as a pseudo-homoge-
neous medium. With this concept, a single Weisz modulus �
is calculated for the whole pellet. Indeed, the pseudo-homo-
geneity concept implies single morphological properties of the
pellet and, therefore, a single effective diffusivity D as de-e
scribed earlier, but also a single bulk density � is implied for
the whole pellet. Moreover, in a pseudo-homogeneous pellet,
there is a single characteristic size L, that is, a single length
scale for mass transfer, which corresponds to the size of the
pellet. It has already been explained that the pseudo-homo-

geneous model is not suitable for cogelled xerogel catalysts
Žand their examination at three discrete levels pellet, aggre-

.gate, particle has been proposed. Since each level is assimi-
lated to a pseudo-homogeneous medium with its own mor-
phological properties, one level is characterized by its own
Weisz modulus

r� L2
i i

� s 2Ž .i D Ce, i s , i

Žwhere the subscript i refers to the level is1: pellet; is2:
.aggregate; is3: silica particle . Using the Bosanquet formula

which describes the way to combine molecular and Knudsen
Ždiffusivities Villermaux, 1993; Froment and Bischoff, 1990;

.Kapteijn and Moulijn, 1997 , the Knudsen diffusivity equa-
Ž .tion Satterfield, 1970; Kapteijn and Moulijn, 1997 and the

approximation according to which the tortuosity factor is in-
Žversely proportional to the void fraction Satterfield, 1970;

.Froment and Bischoff, 1990 , the effective diffusivity can be
developed and introduced in Eq. 2 so as to obtain the devel-
oped Eq. 3 of the Weisz modulus for one level i character-
ized by its own bulk density � , its own characteristic size L ,i i
its own pore radius r and its own void fraction �0, i i

1 1
q

D Tm y397�10 r (0, i2r � L Mi i
� s 3Ž .i 2C �s, i i

Values of L , r , , � and � are estimated next.i 0 i i i
Estimation of the Characteristic Size L at Each Le®el. Ini

Eqs. 1, 2 and 3, the characteristic size L of an object is de-
fined as the ratio between the volume and the surface of that

Žobject Carberry, 1987; Villermaux, 1993; Froment and
.Bischoff, 1990; Kapteijn and Moulijn, 1997 . Assimilating the

three levels to spheres, which is a common approximation
ŽCarberry, 1987; Villermaux, 1993; Froment and Bischoff,

.1990 , one obtains L sd r6 where d is the diameter of thei i i
pellet, the aggregate, or the elementary silica particle as-
sumed to be spherical. At level 1, since the catalysts pellets
were sieved between 250�10y6 and 500�10y6 m, the value
d s500�10y6 m will be used. It is decided to take this up-1

Ž .per limit in order to obtain, via relation Eq. 3 , the maxi-
mum value of the Weisz modulus and therefore to be sure to
detect diffusional limitations, if any. At level 2, the examina-
tion of Figures 2 and 3 indicate that d s500�10y9 m2
should be suitable as the upper limit for the aggregate diame-

y9 Žter. At level 3, d s20�10 m see Figure 3 and Results3
.section . Values of d for each level are given in Figure 6.i

Estimation of the Pore Radius r Characteristic of Each0, i
Le®el. Here again, values of r leading to maximum values0, i
of the Weisz modulus � , that is to a maximum risk to en-i
counter diffusional limitations, are evaluated at each level.
Those values correspond to the minimum pore width which
can be found at each level. The minimum pore width corre-

Ž .sponding to level 1 pellet , w , is the width of the smallest0, 1
pores located between the aggregates of silica particles. Ac-
cording to Figures 2, 3 and 5, 50�10y9 m seems to be a
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reasonable value for the minimum pore width at the level of
the pellet and then r sw r2s25�10y9 m. According to0, 1 0, 1
the pore width distribution given in Figure 5, since the nar-
row micropore width at w s0.8�10y9 m is located inside0

y9 Ž .the 20�10 m elementary silica particles level 3 , the
smallest width of pores at level 2, that is pores inside aggre-
gates and outside silica particles, is the width just beyond that
narrow distribution, that is w s2�10y9 m. In conse-0, 2

y9 Žquence, r s1�10 m. At level 3 elementary silica parti-0, 2
.cles , it is reasonable to take the center of the narrow distri-

bution, that is r sw r2s0.4�10y9 m. Values of w ,0, 3 0, 3 0 i
are described in Figure 6.

Estimation of the Bulk Density � Corresponding to Eachi
Le®el. As mentioned in the Results section, the bulk density
of an object is the density of that object including pores.
Therefore, in the present case, the bulk density � corre-i
sponding to a given level i is given by Eq. 4.

1
� s 4Ž .i 1

qVi�true

where � is the true density of the material, that is, thetrue
density of the solid skeleton or the density excluding pores,
and V is the volume occupied by all the pores located insidei
the level i. The true density of the Pd-Ag xerogel catalyst is

3 y3 Ž .� s2.22�10 kg �m see Results . The specific poretrue
Ž .volume V corresponding to level 1 pellet is the total cumu-1

lated pore volume given in Figure 5, that is, V s6.25�10y3
1

m3�kgy1, since the pellet contains all the pores. Hence, � s1
149 kg �my3. According to the above limit width w s50�0, 1
10y9 m which corresponds to the width of the smallest pores
located between the aggregates of silica particles, the specific

Ž .pore volume V corresponding to level 2 aggregate is the2
cumulated pore volume of pores whose width is smaller than
50�10y9 m. Therefore, according to the pore width distribu-
tion given in Figure 5, V s0.30�10y3 m3�kgy1 and � s2 2
1,327 kg �my3. In the same manner, the specific pore volume

Ž .V corresponding to level 3 SiO particle is the cumulated3 2
pore volume of pores whose width is smaller than 2�10y9

m. Therefore, V s0.09�10y3 m3�kgy1 and � s1,861 kg �3 3
my3. Values of � are reminded in Figure 6.i

Estimation of the Void Fraction � at Each Le®el.. Since, ati
a given level i, the diffusion under consideration is the diffu-
sion between the core of the pores corresponding to that level
and the surface of the following level, the void fraction �i
corresponding to one level i includes only pores characteris-
tic of that level. That void fraction does not include the
smaller pores contained in the following levels. In other
words, the void fraction � of a level i is calculated assumingi
that the following levels are nonporous. Such a void fraction
can be calculated by Eq. 5.

V yVi iq1
� s 5Ž .i 1

qVi�true

Values of V and � are given in the prior paragraph. Ob-i true
Ž .viously, at level 3 particle , V s0. The values obtainediq1

Ž .are: � s0.89, � s0.29 and � s0.16 Figure 6 .1 2 3

Before calculating the Weisz modulus � at each level byi
means of Eq. 3, D and C are needed. The molecularm s, i
diffusivity D of 1,2-dichloroethane has been calculated bym

Žmeans of the Chapman-Enskog equation Satterfield, 1970;
.Bird et al., 1960 at 500, 573 and 623 K and results are given

in Table 2. The 1,2-dichloroethane concentration in the bulk
Žof the gas flow C is calculated from the perfect gas law Ta-b

.ble 2 . This bulk concentration is equal to the concentration
Ž .C at the surface of the catalyst pellets level 1 only if theres,1

are no external diffusion limitations. This has been checked
Žby means of the experimental test for external diffusion Ta-

.ble 1 and Results section and the calculation of the fraction
Ž .of external resistance f Villermaux, 1993 , which is muche

smaller than 1 in the temperature domain under considera-
Ž y6 y4.tion 8�10 F f F2�10 . In consequence, C sC .e s,1 b

Since the surface concentration of 1,2-dichloroethane at the
surface of the catalyst pellet is known, the Weisz modulus �1

Ž .at level 1 pellet can now be calculated through Eq. 3. By
Ž .using values characteristic of level 1 Figure 6 and values in

Ž .Table 2, � is evaluated at 500, 573 and 623 K Table 2 . The1
low values obtained for � indicate that no limitation exists1
for the diffusion of 1,2-dichloroethane through the large pores

Ž .from the surface of the pellet level 1 to the surface of the
Ž .aggregates level 2 . Therefore, there is no concentration gra-

dient between the surface of the pellet and the surface of the
aggregates. In consequence, C sC sC and the Weiszs, 2 s, 1 b

Ž .modulus � at level 2 aggregate can be calculated. Low2
Ž .values are obtained Table 2 which means that level 2 is also

free from diffusional limitations and C sC sC sC ,s, 3 s, 2 s, 1 b
Žwhich allows to calculate � at level 3 elementary silica par-3

. Ž .ticle . The very low values obtained for � Table 2 demon-3
strate once again the absence of diffusional limitations inside
the silica particles.

Let us mention that a kinetic study of 1,2-dichloroethane
hydrodechlorination has been performed with the catalyst

Ž .described in the present article Heinrichs, 1999 and that an
activation energy of 49 J mmoly1 has been found. This value,
which corresponds to the intrinsic activation energy of 1,2-di-

Ž .chloroethane dechlorination Anju et al., 1972 , confirms the
absence of diffusional limitations which would falsify the ki-
netic data and then the activation energy. According to Eq. 3,
such limitations would appear at level 1 at the highest tem-

Ž . y2perature 623 K if the pellet diameter d was around 101
m, that is, a very large diameter comparable to the internal

Ž y3 .diameter of the reactor 8�10 m .
Let us make a brief comment here about diffusion inside

Ž .the elementary silica particles level 3 . At this level, diffu-
sion occurs in micropores whose width is w s 0.8�10y9

0, 3
m, that is, a width which is in the order of magnitude of the
molecule size. Such a width represents a boundary between
two diffusion mechanisms: the Knudsen diffusion and the

Ž .configurational diffusion Weisz, 1973 . This configurational
Ž .regime was introduced by Weisz 1973 in the case of diffu-

sion in zeolites whose pore width is close to the size of the
diffusing molecules. Values of configurational diffusivity can
be smaller than values of Knudsen diffusivity by several or-
ders of magnitude. Therefore, if configurational diffusion is
important in the micropores located inside the elementary

Ž .silica particles level 3 , the real diffusivity of 1,2-dichloro-
ethane could be much smaller than the one calculated by the
Knudsen formula introduced in the Weisz modulus Eq. 3

August 2001 Vol. 47, No. 8AIChE Journal 1871



Žnote that for such micropores, molecular diffusion does not
.take place anymore . In consequence, the Weisz modulus at

level 3 � could be underestimated. However, even so, it is3
reasonable to think that the real value of � will still remain3
much smaller than 1 since values obtained considering only

Ž .Knudsen diffusion are extremely low Table 2 .
The experimental test for internal mass transfer does not

detect any diffusional limitations since the ClCH -CH Cl2 2
Ž . Žconversion is pellet size independent Table 1 Kapteijn and

.Moulijn, 1997; L’Homme, 1970 . Results of this test are then
in agreement with the low values obtained for the Weisz

Ž .modulus at the level of the pellet � Table 2 , indicating the1
absence of diffusional limitations in large pores between the
aggregates of silica particles. However, the experimental test
does not give any information about diffusion inside aggre-

Ž .gates and elementary silica particles levels 2 and 3 since the
various crushing and sieving of the catalyst during that test
modify the size of the pellets, that is, the size of level 1, but
obviously neither the size of the aggregates nor the size of
the silica particles. At levels 2 and 3, the calculation of the
Weisz modulus only shows the absence of diffusional limita-
tions.

Conclusions
The analysis of the Pd-Ag low-density cogelled xerogel

shows that this type of highly porous catalyst is composed of
overlapping entities characterized by different textures and
morphologies: elementary silica particles of about 20�10y9

m and trapping the active Pd-Ag alloy crystallites are basic
blocks which constitute larger aggregates which are several
hundred of nanometers. Those aggregates constitute the
macroscopic xerogel pellet. In order to reach the active sites,
reactants have to diffuse through a continuous distribution of
macro- and mesopores located in voids between aggregates
of elementary SiO particles and those elementary particles,2
and then through micropores of about 1�10y9 m located
inside the elementary SiO particles. In order to study mass2
transfer in such a structure, it is suggested to consider it at
three discrete levels with decreasing sizes: level 1: pellet; level
2: aggregate of silica particles; level 3: elementary silica parti-
cle containing an active Pd-Ag alloy crystallite. Each level is
assumed to correspond to a pseudo-homogeneous medium
with its own morphological and textural properties. At level 1
Ž .pellet , only diffusion in large pores between aggregates is

Ž .considered; at level 2 aggregate , only diffusion in pores lo-
cated inside the aggregates, but outside the SiO particles, is2

Ž .considered; at level 3 particle , only diffusion inside microp-
orous SiO particles is considered. In order to detect the2

Ž .presence of diffusional limitations at one or several level s
inside the catalyst, the Weisz modulus �, which compares
the apparent reaction rate to the diffusion rate, is calculated
at each level taking into account the intrinsic morphological
and textural properties of the level considered. For the three
levels, it is shown that � is much smaller than 1 which indi-
cates that each level, and then the whole catalyst, is free from
diffusional limitations.

To sum up, the structure of the catalyst studied here is
Žsuch that, in order to reach the active sites, reactants 1,2-di-

.chloroethane in the present case must diffuse in pores of

Ž .decreasing width which makes mass transfer more difficult
Žlocated in entities of decreasing size which makes mass

.transfer easier , increasing bulk density and decreasing void
Ž .fraction which makes mass transfer more difficult . Taken as

a whole, those antagonistic effects lead to very small values
of the Weisz modulus which indicates that a catalyst with such
a ‘‘funnel’’ structure exhibits very good mass-transfer proper-
ties.

The kinetics and mechanism of 1,2-dichloroethane hydro-
Ž .dechlorination HDC over the Pd-Ag catalyst will be exam-

ined in another article.
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Notation
C sconcentration in the bulk of the gas flow, mmol �my3

b
C sconcentration at the external surface of a catalyst pellet, ans

aggregate of silica particles or an elementary silica particle,
mmol �my3

dsdiameter of a catalyst pellet, an aggregate of silica particles
or an elementary silica particle, all assimilated to spheres,
m

D seffective diffusivity, m2 � sy1
e

D smolecular diffusivity, m2 � sy1
m
f sfraction of external resistance, dimensionlesse
Lsratio between volume and external surface of a catalyst pel-

let, an aggregate of silica particles or an elementary silica
particle, m

Msmolecular weight of 1,2-dichloroethanes98.9596�10y6 ,
kg �mmoly1

r sapparent reaction rates apparent rate of 1,2-dichloro-
ethane consumption, mmol �kgy1 � sy1

r sradius of a pore assimilated to a cylinder, m0
Tstemperature, K
Vsvolume occupied by all the pores inside a catalyst pellet, an

aggregate of silica particles or an elementary silica particle,
m3�kgy1

w spore width, m0

Greek letters
�svoid fraction, dimensionless
�sbulk density of a catalyst pellet, an aggregate of silica parti-

cles or an elementary silica particle kg �my3

� strue density of the catalyst, kg �my3
true

�sWeisz modulus, dimensionless

Subscripts
th Žisrelated to the i level is1: macroscopic catalyst pellet;

is2: aggregate of silica particles; is3: elementary silica
.particle
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